Encouraged by the successful use of flow cytometry in water research, this versatile technology 21 is increasingly employed by drinking water providers. In addition to quantifying concentrations 22 of total bacteria, the use of a fluorescent viability stain allows the distinction between intact and 23 membrane-damaged cells, which makes it ideally suited for assessment of disinfection 24 efficiency. In contrast to plate counting, the technology allows the visualization of the gradual 25 loss of membrane integrity. Although this sensitivity per se is very positive, it creates the 26 problem of how to compare this detailed viability information with binary plate counts where 27 a colony is either formed or not. Guidelines are therefore needed to facilitate interpretation of 28 flow cytometry results and to determine a degree of membrane damage where bacteria can be 29 considered 'dead'. In this study we have tackled this problem by subjecting E. coli and 30 environmental micro-organisms in real water to a gradient of increasing chlorine 31 concentrations. Resulting flow cytometric patterns after membrane integrity staining were 32 compared with culturability and in part with redox activity. For laboratory-grown bacteria, 33 culturability was lost at lower disinfectant concentrations than membrane integrity making the 34 latter a conservative viability parameter. No recovery from chlorine was observed for four days.
Introduction 40
Flow cytometry as a rapid method for quantifying concentrations of total and intact bacterial 41 cells is becoming an important tool for assessing microbiological water quality. Robust Disinfection of real water samples. A water sample was collected post rapid gravity filtration 141 from a water treatment works (WTW) in Scotland, UK. In brief, the process stream was (A) 151 For high cell density experiments, 100 µl aliquots of cell suspensions were pipetted into the top 152 row of sterile 96-well microtiter plates (Porvair Sciences Ltd., Wales, UK). Using a 153 multichannel pipette, these suspensions were successively diluted by a factor of 10 by mixing 154 10 µl of cells with 90 µl of 0.2 µm filtered mineral water pre-aliquoted in the lower rows. All 155 dilutions (1 µl each) were spotted onto square Petri dishes (manufacturer) filled with Membrane 156 Lactose Glucuronide Agar (MLGA CM1031, Oxoid, Basingstoke, Hampshire, UK). After brief 157 drying, plates were incubated at 35°C for approximately 20 hours. 158 When working with low cell densities and real water, samples were filtered after 159 chlorine disinfection and chlorine quenching by applying 1 mL or 10 mL aliquots onto 0.45 µm 160 filters (Millipore S-PAK® 47 mm, Watford, UK) placed on a vacuum manifold (Combisart, 161 Sartorius, UK). To facilitate even filtration of 1 mL aliquots, 5 mL of filtered mineral water 162 was added to each funnel before the addition of the sample. Filters were placed on 55 mm petri-163 dishes containing MLGA (for E. coli) or R2A (for real water samples). The petri-dishes were 164 9 subsequently incubated for 24 hours at a temperature of 35°C (to allow growth of E. coli) or for 165 5 days at 22°C (to allow growth of heterotrophic bacteria from real water).
Analysis by cultivation

166
Pictures of plates were made on a ProXima C16 Phi+imaging system (Isogen Life 167 Science, Netherlands) using the following grayscale settings: exposure 40 ms, zoom 3.0, iris 168 3.1, focus 84, no filter. 171 To measure redox activity, 17 mg of WST-8 (GenScript, Piscataway, USA) and 13.8 mg of 172 menadione (2-methyl-1,4-naphthoquinone; ACROS Organics, Geel, Belgium) were dissolved 173 in 2.43 ml nanopure water and 10 ml DMSO, respectively, to obtain concentrations of 10 mM 174 and 8 mM. Stock solutions were stored at -20°C. A detection reagent was prepared by mixing 175 WST-8, menadione and water at ratios of 9:1:10. 20 µl of this solution was aliquoted into the 176 wells of a 96 well plate, followed by addition of 100 µl of TSB. The reaction was started from 177 addition of 80 µl of cell suspension using a multichannel pipette. After thorough mixing by 178 pipetting up and down several times, plates were immediately transferred to a TECAN 179 M200 plate reader (TECAN, Austria). Signals were measured at 460 nm at time 0 and after 1, 180 6, 12 and 24 hours. Prior to each measurement, plates were shaken for 5 sec (linear shaking 181 using an amplitude of 3). To eliminate background noise, the trigger was set on FL-1 with a threshold of 2,000 units for measured for up to 24 hours. Activity was measured fastest for the control that had not been 220 exposed to chlorine. As is typical for this type of assay, signal intensity declined after reaching 221 peak absorbance. For samples exposed to chlorine concentrations of 1, 2.5 and 5 mg L -1 , WST- The fact that these bacteria could grow suggests that conditions were suitable for cell replication 272 and probably also repair of damage. They were therefore seen as a valuable "internal growth 273 control'. Lack of E. coli regrowth was not due to insufficient chlorine neutralization, lack of 274 14 nutrients or otherwise adverse conditions. For this reason, the terminology 'viable-but not 275 culturable' (VBNC) is therefore avoided for the bacteria with transitory fluorescent signals.
170
Measurement of redox activity
Relationship between culturability, activity and membrane integrity for high cell densities
Relationship between culturability and membrane integrity for low cell densities
276
The presence of VBNC cells can of course not be excluded and would need further experiments.
278
Relationship between culturability and membrane integrity for real water samples 279 Pre-contact tank water from a drinking water works was subjected to a chlorine gradient from was affected stronger than membrane integrity), the trend was in part reversed with real water.
291
A representative example is shown in Figure 3A . In other repeats, culturability was not lost 292 completely even with highest chlorine concentrations, meaning that colony formation of some 293 bacterial survivors persisted even when severe membrane damage was inflicted on the majority 294 of the bacterial population. For the example shown in Figure 3A , data is quantitatively 295 expressed in Figure 3B demonstrating that log removal of intact cells was faster than the log 369 Interestingly the relationship between membrane damage and culturability was different for 370 the bacterial population naturally contained in water than for laboratory-grown E. coli when 
Effect of chlorine on bacteria in real water
